Objective: Remarkable difference in cellular activity was found between early and late sub passaged embryonic stem cell (ESCs) lines, which can be created by subtle changes in cell manipulation protocol. This study subsequently examined whether postthaw subculture of early subpassaged ESC lines could further affect the activity of the ESCs. Methods: Fresh (as a control treatment) or cryopreserved F1 hybrid (B6CBAF1) early ESC lines (C57BL/6xCBA) of the 4 (P4) or the 19 passage (P19) were subcultured once, twice or six times under the same condition. The postthaw survival of the ESCs was monitored after the posttreatment subculture and the ability of cell proliferation, reactive oxygen species (ROS) generation, apoptosis and mitochondrial ATP synthesis was subsequently examined. Results: Regardless of the subculture number, P19 ESCs showed better (p<0.05) doubling time and less ATP production than P4 ESCs and such difference was not influenced by fresh or cryopreservation. The difference between P4 and P19 ESC lines became decreased as the posttreatment subculture was increased and the six times subculture eliminated such dif ference. Similarly, transient but prominent difference in ROS production and apoptotic cell number was detected between P4 and P19 ESCs only at the 1st subculture after treatment, but no statistical differences between two ESC lines was detected in other observations. Conclusion: The results of this study suggest that postthaw subculture of ESCs under the same environment is recommended for standardizing their cellular activity. The activity of cell proliferation ability and ATP synthesis can be used as parameters for quality control of ESCs.
INTRODUCTION
Development of cell manipulation technologies induces tremendous innovation of cell science and biotechnology, and cryopreservationemployed, cell bank further expands the feasibility of both basic research and clinical trials [15] . Standardization of cell bank and manipulation protocols and quality control are pivotal for minimizing batch effect and for yielding non fluctuated results [58] . Likely to other cells, embryonic stem cells (ESCs) have been used for cell manipulation and cell banking [914] . To date, primary stem cell lines subcultured various times have been employed for various purposes without any concerns of batch differ ence and for the standardization, the cells of similar status (early, mid, or late passaged cells) have been employed in the same set of experimentation [15] . It has been reported, however, that a significant difference in cellular activity [1619] was detected between early and late ESCs (39 vs 110 passage) [2024] . It could further be possible that there might be a consider able difference even between the early ESC lines of different subpassge and that postthaw subculture of the ESCs might make the difference prominently. Unfortunately, little consideration on the differences between the ESCs of the similar passages.
In this study, we examined whether cryopreserved, early ESCs of different passage had different cellular properties and subsequently inquired whether the results obtained from this experimentation could contribute to standardizing ESC mani pulation protocols. Mouse primary ESCs of different passages (passage 4 or 19) were employed and cell proliferation, mito chondrial ATP production, reactive oxygen species (ROS) generation, and apoptotic cell numbers of the ESCs were moni tored after being postthaw subcultured different times.
MATERIALS AND METHODS

Experimental design
General characterization of the ESCs used in this study, which mycoplasma infection in cell manipulation system were con comitantly monitored, was universally conducted to know whether the ESCs being allotted into each experimental group had equal quality. Only primary ESC lines showing standard stem cell characteristics without mycoplasma infection were employed and early passaged ESCs at 4th (P4) or 19th times (P19) were either cryopreserved or not (fresh control). After treatment, they were concomitantly subcultured once, twice and six times. Cell proliferation assessed by cell doubling time (Dt), ATP synthesis, ROS generation and apoptotic cell number in the ESCs were monitored at the end of subculture. Ran domized and controlled trials were conducted prospectively and all experiments were replicated three times. Comparisons were mainly made within fresh or cryopreserved groups by three manners; i) comparisons between P4 and P19 ESCs using accumulated values of the 1st, 2nd, and 6th subculture, ii) comparisons between P4 and P19 ESCs at the end of each culture, iii) comparisons among the 1st, 2nd, and 6th subcul ture within the same cells (P4 or P19).
Experimental animal
The review board of institutional animal care and use com mittee of Seoul National University approved our research (approval no. SNU0910284 and SNU1008253). All pro cedures for animal breeding and management, and surgery were followed by the standard protocols of Laboratory of Stem Cell and Bioevaluation, Seoul National University.
Preparation of mouse embryonic fibroblasts
Mouse embryonic fibroblasts (MEFs) were collected from 13.5dayold fetuses of outbred Institute of Cancer Research (ICR) mice. The visceral organs, head and extremities of the fetuses were removed and the remaining tissue was cut into small pieces. The manipulated tissue were subsequently incu bated in 0.04% (v/v) trypsinethylenediaminetetraacetic acid (EDTA) (Gibco Invitrogen, Carlsbad, CA, USA) for 6 min with agitation, and centrifuged at 110×g for 2 min. The super natants were diluted in 10% (v/v) fetal bovine serum (FBS; Hyclone Laboratories, Logan, UT, USA) containing Dulbecco minimal essential medium (DMEM; Gibco Invitrogen, USA). After being centrifuged at 390×g for 4 min one more time, the pellets were seeded into plastic culture dishes containing DMEM for monolayer formation. When the fibroblasts formed a confluent monolayer, they were cryopreserved using 10% dimethylsulfoxide (DMSO; Sigma Aldrich, St. Louis, MO, USA). After thawing, MEFs were treated with 10 μg/mL mi tomycin C (Sigma Aldrich, USA) for 3 h and subsequently seeding in fourwell multidishes (SPL, Pocheon, Korea)
Collection of blastocysts B6CBAF1 embryos were generated by the mating of a female C57BL/6 with a male CBA/Ca. Blastocysts were collected by uterine flushing of the females 72 h after mating. 
Establishment and maintenance of embryonic stem cells
The zona pellucida of the blastocysts was removed by acid Tyrode's solution and, the zonafree blastocysts were sub sequently seeded on MEF feeder layers in a gelatin coated four well multidishes containing knockout DMEM (kDMEM; Gib co Invitrogen, USA) supplemented with 3:1 mixture of FBS (Hyclone Laboratories, USA) and knockout serum replace ment (Gibco Invitrogen, USA), 1% (v/v) nonessential amino acids (NEAA; Gibco Invitrogen, USA), 0.1 mmol/L βmer captoethanol (Gibco Invitrogen, USA), 1% (v/v) penicillin streptomycin solution and 500 unit/mL of leukemia inhibitory factor (LIF) (Chemicon, Temecula, CA, USA), this medium was used continuously for ESCs culture [17, 18] . Colonyform ing cells in the primary passage were subcultured after being trypsinized and general characterization to detect ESClike cells was conducted after being subpassaged in LIFcontaining medium. Subpassage was undertaken when the ESClike col onies reached 80% confluency an average of 3 days intervals.
Characterization of embryonic stem cells
The ESCs used in this study were fixed in 4% (v/v) formal dehyde (Sigma Aldrich, USA) at room temperature for 10 min. 
Mycoplasma contamination test of embryonic stem cells
Mycoplasma contamination of ESCs was confirmed by emyco mycoplasma polymerase chain reaction (PCR) detection kit (iNtRON biotechnology, Seongnam, Korea) was used. Briefly, ESCs were treated with 0.25% (v/v) trypsinEDTA (Gibco Invitrogen, USA), and the dissociated cells ( 5×10 5 ) were used for genomic DNA extraction. The extracted genomic DNA was subjected to PCR amplification with primers for 16S rRNA gene of M. fermentas. The PCR products were sizefraction ated by 1.2% agarose gel electrophoresis and visualized by ethidium bromide staining.
Freezing and thawing of embryonic stem cells
After being trypsinized for 3 min, 2×10
6 trypsinized cells were placed into a 1.2mL cryovial containing 1mL cryopreserva tion solution consisting of 60% (v/v) DMEM (Gibco Invitrogen, USA), 30% FBS (v/v) (Hyclone Laboratories, USA) and 10% (v/v) DMSO (Sigma Aldrich, USA). A freezing container (Nalgene, Rochester, NY, USA) containing cryovials was placed in a -80°C deep freezer for 24 h, which kept a cooling rate of -0.5°C/min, and plunged directly into liquid nitrogen. For thawing, the cryovials were placed in a 37°C water bath and the prewarmed medium was added at the time of thawing [7] .
Measurement of cell proliferation
Cell proliferation was measured by calculation of Dt. Briefly, 5 mL of culture medium including 1×10 6 feeder layer cells were seeded on a 60mm culture plate. On next day, 5×10 5 ESCs were seeded and incubated in the 60mm culture plate. On day 3 of culture, trypsinized cells were counted with he matocytometer and the population doubling (PD) time was calculated following the formula [18] : 
Measurement of ATP synthesis
The intracellular level of ATP in ESCs was measured by lucif erinluciferase reaction kit (Sigma Aldrich, USA) [19] . Briefly, Ten thousands ESCs were placed into 100 μL of icecold so matic cell reagent for 5 min at room temperature. Subsequently, 100 μL of diluted ATP assay mixture solution buffer was added and incubated for 5 min at room temperature. After the solu tion being transferred into 96well plate, luminescent reaction was measured by AutoLumat LB 953 Luminometer (EG&G Berthold, Bad Wildbad, Germany).
Measurement of reactive oxygen species
The ROS generation by ESCs was measured by the 2' ,7' dichloro dihydrofluoresceindiacetate (DCFHDA; Sigma Aldrich, USA) method originally described by Rosenkranz et al [20] . Two million ESCs were transferred to the culture medium containing 2.5 μg/mL DCFHDA for 10 min at 37°C. After washing in DPBS, the treated cells were resuspended in 10 μg/mL propidium iodide solution and subsequently loaded into a flow cytometry equipped with CaliburTM (Becton Dickinson, San Jose, CA, USA). The data obtained from FACS was numerically assessed using CELL Quest software (Becton Dickinson, USA).
Detection of apoptotic cells
To count the number of apoptotic cells in ESCs, one million cells were suspended in 100 μL annexin V binding buffer and subsequently stained with FITCannexin V and propidium iodide solution (apoptosis detection kit I; BD Bioscience, San Diego, CA, USA) for 15 min at room temperature. After stain ing, 400 μL annexin V binding Buffer was added and sub sequently analyzed by the Flow Cytometer (BD Science, USA) and the CELL Quest software (BD Science, USA).
Statistical analysis
A generalized linear model (PROCGLM) in the Statistical Analysis System (SAS; Chicago, IL, USA) program was em ployed for evaluating model effects of each treatment. When statistical significances were detected by analysis of variance in SAS package, each treatment effect was compared using the leastsquares method. Statistical significance in each compari son was considered when p value was as less as 0.05.
RESULTS
Preliminary experiment: ESC characterization and mycoplasma test
The ESCs provided for this study had standard characteristics compared with referenced mouse ESC lines. As shown in Fig ure 1, the established ESCs were positive for antiOct4, anti SSEA1, antiintegrin α6 antibodies, but no reactivity was detected in SSEA1 antibody staining. The ESCs were formed EBs, and the cells of the EBs stained positively for antiS100 (ectoderm), antiαfetoprotein (endoderm), and antidesmin (mesoderm) antibodies. Mycoplasma contamination was not detected in the ESCs and 16S rRNA gene of M. fermentas were not amplified in genomic DNA of the ESCs.
Cell proliferation assessed by cell doubling time and ATP synthesis
In both fresh ( Figure 2 ) and cryopreserved ( Figure 3 ) groups, P19 ESCs had shorter (p<0.0087) Dt and less (p<0.0176) mi tochondrial ATP production than P4 ESC. Such difference mainly resulted from the difference at the 1st subculture (Fig  ure 2B, 3B ). Similar Dt was detected among the 1st, 2nd, and 6th subpassage in both fresh and cryopreserved ESCs. Regard less of fresh or cryopreserved, dramatic (p<0.05) decrease in ATP production was detected in P19 ESCs, but not in P4 ESCs ( Figure 2D, 3D ). Likely to cell proliferation, however, the dif ference between P4 and P19 ESCs was gradually diminished as the subpassage was increased and no significant difference was detected at the second and sixth subcultures.
Generation of reactive oxygen species
Regardless of fresh or cryopreserved, significantly increase in ROS generation was detected in P4 ESCs as the subpassage was progressed, while decreased generation was in P19 ESCs ( Figure 2F, 3F) . As results, there was no significant model ef fect of ROS production between cryopreserved P4 and P19 ESCs when compared with overall values ( Figure 3E ). In fresh group, however, larger ROS generation was detected in P19 ESCs than in P4 ESCs, such derived from higher ROS level in the P19 at the 1st and 2nd subcultures. Although such gen eration pattern was different in both fresh and cryopreserved groups, the difference between P4 and P19 ESCs became re duced as the subpassage was increased.
Number of apoptotic cells in the embryonic stem cells
Regardless of fresh and cryopreserved groups, there were no statistical differences between the P4 and P19 groups ( Figure  2G, 3G) . Similar level was detected in each subpassage ( Figure  2H, 3H ), but in cryopreserved group, the apoptotic cell num ber was significantly decreased in P19 ESCs as the subculture was increased.
DISCUSSION
In this study, it was apparent that care should be taken to con trol the quality of the stem cells even that were maintained stably in vitro. Even cellular activity of early ESC lines (up to 20 times) became different by different times of postthaw sub culture. Little consideration on cellular difference was made in early primary stem cell lines subcultured different times and our results show that the difference caused by different cell manipulation (such as the frequency of postthaw subculture) is responsible for batch effect and data fluctuation. Both fresh cell manipulation and cell banking program requires the stan dardization of cellular activity in each experimental treatment for yielding reliable data, and the standard operation protocol of the ESCs is extremely important.
Stable and homogenous, primary ESC lines of different passages were used in this study. The P19 ESCs had higher proliferative ability as compared with the P4 ESCs. Only 15 times difference in cell passage number yielded significant difference in cellular activity such as cell proliferation and mi tochondrial generation, however, although the ESCs used had similar stem cell characteristics. Cryopreservation itself did not diminish the difference, but the difference was reduced as post thaw subculture of the ESCs was progressed. These results meant that cell passage of ESCs induces alteration of cellular properties and that more than twice of concomitant subcul ture greatly helped to reduce the passageinduced difference. Probably, postthaw subculture of proper times under the same environment may be beneficial for becoming similar cellular activity of the ESC lines showing different activity. The results from the present study provide direct evidence of the subpassage effects on the cellular activity of ESCs. Increasing ATP generation in P4 ESCs did neither cause more ROS gen eration nor increase apoptotic cell number. Probably, increased ATP level stands for upregulated activity of cellular activity during very early passage for acquiring cellular homeostasis. Regardless of the feasibility of cryopreservation [2527] , freez ing and thawing procedure alters cellular activity and induces genetic instability after freezing and thawing [28, 29] . Subcul ture after thawing is therefore important for regaining cellular ability or for stabilizing genome activity [20, 21, 23, 30] .
Quality management system is necessary for managing vari ous experimental protocols from stem cell manipulation, which greatly contributes to developing stem cellbased therapy, as well as to standardizing data quality. Standardizing of cell passage and preculture before main treatment is helpful for eliminating data fluctuation and for improving data quality, which can increase the completeness of various stem cell re searches. The results obtained from this study contribute to establishing quality management system of the ESCs employing To monitor cell proliferation, doubling time of each cell line was calculated at the end of 1, 2, and 6 subcultures after treatment. Accumulative levels of 1, 2, and 6 subpassages (A1) and recording of each passage (A2). More proliferation was detected in the p19 ESCs than in the p4 ESCs, which was mainly derived from the difference at the first subculture. Within the same passage (p4 or p19 ESCs), the number of subpassges after treatment did not affect cell proliferation (p = 0.6274 in the p4 ESCs and p = 0.1876 in the p19 ESCs. (B) ATP synthesis in the p4 and p19 ESCs without cryopreservation. Synthetic activity of each ESCs was measured by luciferin-luciferase reaction at the end of 1, 2, and 6 subcultures after treatment. Accumulative levels of 1, 2, and 6 subpassages (B1) and recording of each passage (B2). More synthesis was detected in the p4 ESCs than in the p19 ESCs, which was mainly derived from the difference at the first subculture. In the p4 ESCs, ATP synthesis was significantly decreased as the number of subpassages (p<0.0001). (C) Intracellular reactive oxygen species (ROS) levels in the p4 and p19 ESCs without cryopreservation. ROS levels in each ESC were assessed by FACS analysis using 2',7'-dichloro-dihydro-fluorescein diacetate at the end of 1, 2, and 6 subpassages after treatment. Accumulative levels of 1, 2, and 6 subpassages (C1) and recording of each passage (C2). Significant increase in ROS level was detected in the p19 ESCs than in the p4 ESCs. Within the same ESC passage, different pattern in ROS generation was detected as the passage was increased. (D) Proportions of the percentage of apoptotic cells to total p4 and p19 ESCs without cryopreservation. To monitor apoptotic cell numbers at the end of 1, 2, and 6 subpassges, flow cytometry using FITC annexin V was used. Accumulative levels of 1, 2, and 6 subpassages (D1) and recording of each passage (D2). No significant difference in the number was detected between p4 and p19 ESCs. Data are shown as mean±standard error. * p<0.05, ** p<0.01. To monitor cell proliferation, doubling time of each cell line was calculated at the end of 1, 2, and 6 subpassages after cryopreservation. Accumulative levels of 1, 2, and 6 subpassages (A1) and recording of each passage (A2). More proliferation was detected in the p19 ESCs than in the p4 ESCs, which was mainly derived from the difference at the first subpassage after cryopreservation. Within the same passage (p4 or p19), the number of subcultures after cryopreservation did not affect cell proliferation (p = 0.1268 in the p4 ESCs and p = 0.6494 in the p19 ESCs.
(B) ATP synthesis in the p4 and the p19 ESCs before cryopreservation. Synthetic activity of each cell was measured by luciferin-luciferase reaction at the end of 1, 2, and 6 subpassages after cryopreservation. Accumulative levels of 1, 2, and 6 subpassages (B1) and recording of each passage (B2). More synthesis was detected in the p4 ESCs than in the p19 ESCs, which was mainly derived from the difference at the first subpassage after cryopreservation. In p4 ESCs, ATP synthesis was significantly decreased as the number of subpassages was increased (p = 0.0003). (C) Intracellular reactive oxygen species (ROS) levels in the p4 and p19 ESCs before cryopreservation treatment. ROS levels in the ESCs were assessed by FACS analysis using 2',7'-dichloro-dihydro-fluorescein diacetate at the end of 1, 2, and 6 subpassages. Accumulative levels of 1, 2, and 6 subpassages (C1) and recording of each passage (C2). Within the same ESC passage, different pattern in ROS generation was detected as the passage after cryopreservation was increased, which yielded a significant difference (p<0.0038) except for the group of late passage with cryopreservation.
(D) Proportions of the percentage of apoptotic cells to total p4 and p19 ESCs before cryopreservation treatment. To monitor apoptotic cell numbers at 1, 2, and 6 subpassges, flow cytometry using FITC annexin V was used. Accumulative levels of 1, 2, and 6 subpassages (D1) and recording of each passage (D2). No significant difference in the number was detected between the p4 and the p19 ESCs. Within the same ESC passage, significant difference was only detected in the p19 ESCs (p = 0.0012). Data are shown as mean±standard error. * p<0.05, ** p<0.01, *** p<0.001.
